Anomalous impurity effects in the iron-based superconductor KFe 2 As 2 : 
evidence for a d-wave superconducting state 
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High-quality K(Fei- :E Co :E )2As2 single crystals have been grown by using KAs flux method. In- 
stead of increasing the transition temperature T c through electron doping, we find that Co impurities 
rapidly suppress the superconductivity, with T c down to zero at only x fa 0.04. Such an effective 
suppression of T c by impurities is distinctly different from that observed in Bao.5Ko.5Fe2As2, but 
mimics that in d-wave cuprate and heavy-fermion superconductors. Thermal conductivity measure- 
ments show the universal heat conduction for x = and 0.034 superconducting samples, namely 
a constant residual linear term kq/T in zero field, despite that the scattering rate increases by 70 
times. All these evidences support a d- wave superconducting state in KFe2As2. 

PACS numbers: 74.70.Xa,74.25.fc,74.62.Dh,74.20.Rp 



The iron-based superconductors, as a second high-T c 
superconducting family after cuprates, have stimulated 
great interests l,r|4j . Since the symmetry and structure of 
the superconducting gap reflect the underlying electron 
pairing mechanism, extensive works have been done to 
clarify them |5|. However, so far there is still no consensus 
on this issue, particularly the doping evolution of the 
superconducting gap [g, [D] • 

For the hole-doped Bai_ x K x Fe 2 As2 ("122") system, 
the angle-resolved photoemission spectroscopy (ARPES) 
expeirment revealed multiple nodeless gaps at optimal 
doping x = 0.4 [8J], which was further supported by mea- 
surements of bulk properties such as thermal conductiv- 
ity @. On the overdoped side, nodeless gaps were also 
observed at x = 0.7 by ARPES 10], and at x ^_0.77 by 



point contact Andreev reflection spectroscopy [11]. Sur- 
prisingly, further increasing doping to the end member 
KFe2As2, nodal superconducting gap was found by ther- 
mal conductivity, penetration depth, and NMR measure- 
ments [ili-fli. 



While the s+-wave gaps in Bao.6Ko.4Fe2As2 are still 
not conclusive [5j, it is under hot debate whether the su- 
perconducting gap of KFe2 As2 is d-w&ve with symmetry- 
imposed nodes Q or s-wave with accidental nodes 
The optimally doped Bao.fiKo.4Fe2As2 has both electron 
and hole Fermi surfaces [8J, but only hole pockets are 
found in the extremely overdoped KFe2As2 [la]. In this 
context, the nodal gap of KFe2As2 may be fundamen- 
tally different from those of other iron-based nodal super- 
conductors, such as LaFcPO 17-]ll, BaFe2(Asi_ 2 P x )2 
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[20] |2l|, Be(Fei_ a; Ru x )2As2 [22j, and LiFeP [2J, since 
all these four compounds have both electron and hole 
pockets. Therefore, it is of great interests to investi- 
gate whether the transition from nodeless to nodal su- 
perconducting state in Bai_ ;E K ; j.Fc2As2 is exactly associ- 
ated with the change of Fermi-surface topology. Unfor- 
tunately, high-quality single crystals with 0.8 < x < 1.0 
are very hard to grow. 

In this Letter, we try to recover the electron Fermi 
surface in KFe2As2 alternatively by Co doping, and ex- 
pect the enhancement of T c and a crossover from nodal 
to nodeless superconducting state. However, unexpected 
doping effects are found in K(Fei_ ;r Co ;r )2As2. Firstly, 
Co impurities suppress T c very rapidly, and at only x = 
0.042 no superconductivity can be observed down to 50 
mK. This rapid suppression of T c by impurities is dif- 
ferent from that in s-wave Bao.5Ko.5Fe2As2, but similar 
to that in d-wave superconductors. Secondly, a universal 
heat conduction is observed for x — and 0.034 super- 
conducting samples. All these results point to a d-wave 
superconducting state in KFe2As2, instead of an acciden- 
tal nodal s-wave. 

K(Fei_ :E Co 2 ;)2As2 single crystals were grown by using 
KAs flux method. The starting materials for single crys- 
tal growth are KAs, Fe and Co powders. KAs flux was 
prepared by reacting stoichiometric K pieces and As pow- 
ders at 200 °C for 4 hours. KAs, Fe and Co powders 
were carefully weighed according to the ratio KAs: Fe: 
Co=12: 2-2x: 2x, with x = 0, 0.005, 0.010, 0.025 and 
0.050. After thoroughly grounding, the mixtures were 
put into alumina crucibles and then sealed in iron cru- 
cibles under 1.5 atm of pure argon gas. The sealed cru- 
cibles were heated to 900 °C in a tube furnace filled with 
inert gas and kept at 900 °C for 6 hours, then cooled 
slowly to 600 °C at 3 °C/h to grow single crystals. The 
KAs flux was washed out by alcohol and shiny black crys- 



2 



tals with typical dimensions of 2 x 1 x 0.03 mm 3 were 
obtained. The single crystals are stable in air or alcohol 
for several days. The actual chemical compositions were 
determined by energy dispersive x-ray spectroscopy to be 
0, 0.017, 0.034, 0.042 and 0.050 for the five nominal com- 
positions, with a standard instrument error 10%. Below 
we will use the actual compositions. Resistivity and Hall 
coefficient were measured in a Physical Property Mea- 
surement System (PPMS, Quantum Design). Resistivity 
below 2 K and thermal conductivity were measured in a 
dilution refrigerator. 
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FIG. 1: (Color online) The XRD patterns for 
K(Fei_ x Co x )2As2 single crystals with x = - 0.050. 
The inset shows x dependence of the lattice parameter c 
estimated from the data in the main panel. 

Figure 1 plots the X-ray diffraction (XRD) patterns for 
K(Fei_ a; Co a ;)2As2 single crystals. Only reflections of (0 
21) show up, suggesting good orientation along c-axis for 
all the crystals. The lattice parameter c was estimated 
from the XRD data and plotted in the inset of Fig. 1. 
For the pure KFe2As 2 , c = 13.876 A is obtained, which 

H 



It is found 



is consistent with previous reports 
that c decreases linearly with increasing Co doping. At 
x = 0.050, c is reduced by ~0.1%. 

Figure 2 shows the temperature dependence of resistiv- 
ity for K(Fei_ a; Co a ;)2As2 single crystals. The data were 
taken down to 50 mK for x = 0.042 and 0.050 samples. 
The transition temperature T c is defined when the resis- 
tivity drops to 90% of the normal-state value. For the 
pure KFe2As2, T c — 4.4 K and resistivity reaches zero at 
4.2 K. The power-law fit p(T) = p + bT a between 5 and 
25 K yields a residual resistivity po = 0.11 ± 0.01 p£l 
cm and a — 1.89, from which a residual resistance ratio 
RRR = p(300K)/p = 2017 is estimated. The extremely 
low po and high RRR show that this crystal is very close 
to the clean limit. The RRR decreases dramatically from 
2017 to 19 with increasing Co doping from to 0.050 (see 
Table H|, suggesting that the Co doping leads to large im- 
purity scattering. At the same time, T c decreases rapidly 
to zero at x « 0.04. 

Previously, the major role of Co doping in iron-based 
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FIG. 2: (Color online) (a) Temperature dependence of resis- 
tivity for K(Fei_ a; Co a ;)2As2 single crystals, (b) The zoomed 
plot for the low-temperature data shown in (a). The lines are 
the fits to p — po + aT a , from which the residual resistivity 
po is extrapolated. 



TABLE I: Lattice parameter c, residual resistivity po, power- 
law exponent a, impurity scattering rate F, residual resistance 
ratio RRR and superconducting transition temperature T c , 
varying with Co content x. 
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superconductors is to introduce electrons into the Fe2As2 
layers, which is evident from the evolution of electron and 

H 



hole pockets with x in Ba(Fei- x Co x ) 2 As2 [26j,|27J. The 
impurity effect of Co dopants is less concerned. That is 
why we try to use Co doping to recover the electron Fermi 
surfaces in KFe2As2 and expect the increase of T c . How- 
ever, the rapid suppression of T c with x indicates that 
the impurity effect of Co dopants is playing the major 
role in K(Fei_ x Coa;)2As2. 

Recently, a weak T c suppression effect from 
transition-metal impurities was observed in 
Bao.sKo.stFei-^M^Ass (M = Mn, Ru, Co, Ni, 
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Cu, and Zn) [28|. In Fig. 3a, we plot the normal- 
ized T c versus Co content for K(Fei_ x Co x )2As2 and 
Ba . 5 K .5(Fe 1 _ ;r Co ;r )2As2 [Hj]. For comparison, similar 
data of <i-wave superconductors YBa2(Cui_ x Zn. I .)306.93 
(T c (z=0) = 92 K), YBa 2 (Cui_ x Zn ;c )3 6 . 6 3 (T c (z=0) 
= 64.8 K), La 1 . 85 Sr . 15 Cui_ x Zn ;c O4 (T c (x=0) = 35.3 
K), La 1 . 85 Sr .i 5 Cui_ x Ni ;c O4 (T c (x=0) = 37.7 K), and 
CeCo(Ini_ a; Sn a; )5 (T c (x=0) = 2.25 K) are also plotted 
j29H31j . It is clearly seen that the impurity effect on T c 
in K(Fei_ :c Co :E )2As2 is distinctly different from that in 
s-wave superconductor Bao.5Ko.5(Fei_^Co 2: )2As2, but 
mimics that in those d-wave superconductors. 
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FIG. 3: (Color online) (a) The normalized T c vs im- 
purity content x for K(Fei_ a; Co :l ;)2As2, s-wave super- 
conductor Bao.5Ko.5(Fei_^Co I )2As2, d-wave supercon- 
ductors YBa 2 (Cui_ a; Zn :E )3 06.93, YBa 2 (Cui_ :i; Zn :c )306.63, 
Lai.85Sro.i 5 Cui- :c Zn I ,04, Lai.ssSro.isCui-^Niz^, and 
CeCo(Ini_ I Sn I ) 5 (b) The normalized T c of 

K(Fei_ a! Co :l ;)2As2 plotted as a function of scattering rate. 
The solid line is calculated by the Abrikosov-Gorkov formula. 
Inset: Low-temperature Hall coefficient for x = 0, 0.017, 
0.034 and 0.042. 



The rapid suppression of T c by Co doping in KFe2As2 
is very unusual among all the iron-based superconduc- 
tors. If the gap of KFe2As2 has the same s-wave sym- 
metry as those of Bao.5Ko.sFe2As2, but with accidental 
nodes located somewhere on the Fermi surfaces, the im- 
purities will make the gap more isotropic and do not ef- 
fectively reduce the gap magnitude [32j . That means its 
T c should not decrease in such a rapid manner. In this 
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FIG. 4: (Color online) The thermal conductivity of 
K(Fei_ a; Co a ;)2As2 with (a) x — 0, and (b) x = 0.034 in zero 
magnetic field. The solid lines are fits to k/T — a + bT 2 for x 
= sample, and k/T = a + bT for x — 0.034 sample, respec- 
tively. The dash lines are the normal-state Wiedemann-Franz 
law expectation Lo/po, with Lo the Lorenz number 2.45 x 
10 -8 W Q K -2 and normal-state po = 0.116 and 3.56 pf2 cm, 
respectively. For the x = sample, its Lo/po is divided by 5 
to put into the panel. 



sense, the impurity effect on T c of KFe2As2 most likely 
supports a d-wave superconducting gap, as pointed out 
earlier in Ref. [12] and theoretically demonstrated in Ref. 

The suppression of T c with increasing impurity scat- 
tering rates T can be quantitatively described by the 
Abrikosov-Gorkov (AG) formula [33j]. Recently, a univer- 
sal rate of T c suppression with increasing T, following the 
AG curve, was observed in optimally doped Ba-, St-, and 
Ca-based 122 systems,which indicates a common pair- 
breaking mechanism 34[. For our K(Fei_ a; Co a ;)2As2, we 
estimate the scattering rate T = „,» p__ , in which e is the 



m* Rh 

electronic charge and to* is the effective mass (to* = 6to c 
from ARPES [16j and de Haas- van Alphen measurements 
[35J), from the residual resistivity pa and the extrapolated 
zero-temperature Hall coefficient Rh shown in the inset 
of Fig. 3b. The estimated T is listed in Table HI and 
plotted in Fig. 3b versus T c . The data can be well fit- 
ted by the AG formula with T c q — 4.55 K, the assumed 
clean-limit value. The fit gives hT c « 2.2/cbT" c o, where 
T c is the critical scattering rate requested for suppress- 
ing T c to zero. This TiT c is far smaller than the 45/cb7 1 c o 
in BaFe2As2 and SrFe2As2 at optimal Co, Pt, Pd, Cu, 
Ni and Ru doping [34(, thus strongly indicates that the 
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pairing symmetry of KFe2As2 is different from the s-wave 
symmetry in the optimally doped 122 systems. 

An extraordinary feature of d-wave superconductor is 
the universal heat conduction upon increasing the im- 
purity level, which has been clearly demonstrated in 
YBa 2 (Cui_ 3; Zn 2: )306.9 [36j| . The universal heat conduc- 
tion results from the compensation between the increase 
of nodal quasiparticle density induced by impurities and 
the decrease of mean free path. For an accidental nodal 
s-wave superconductor, the heat conduction should not 
be universal (39| . 

Fig. 4 shows the thermal conductivity of supercon- 
ducting K(Fei_ a; Co a ;)2As2 single crystals with x = and 
0.034 in zero magnetic field. For the pure KFe2As2 with 
po = 0.116 pVl cm, the data below 0.3 K can be fitted by 
k/T = a + bT 2 , with the residual linear term kq/T = a 
= 4.94 ± 0.09 mW K" 2 cm" 1 and b = 283 ±2. However, 
for the x = 0.034 sample with pg — 3.56 cm, the data 
below 0.4 K obeys k/T = a + bT, with k„/T = a = 3.95 
± 0.01 mW K~ 2 cirr 1 and b = 2.43 ± 0.06. Previously, 
for a dirty KFe2As2 with po — 3.32 fifl cm, similar tem- 
perature dependence of k/T — a + bT was observed, with 
b = 3.04 [l2|. Therefore, the T 2 term of k is attributed 
to phonons, and the huge T 3 term observed in the clean 
KFe2As2 must come from the nodal quasiparticles. In- 
deed, for a clean d-wave superconductor, theoretical cal- 
culation shows that the leading-order finite-temperature 
correction will contribute a T 3 term to the electronic 
thermal conductivity 37,38]. Such an electronic T 3 term 



has been observed in ultraclean YBa 2 Cu3C>7 single crys- 
tal [!(|. Apparently, this T 3 term is suppressed by im- 
purities in the K(Fei_ a; Co a ;)2As2 x = 0.034 sample. 

The most striking observation from Fig. 4 is that while 
the po and T are increased by 30 and 70 times, respec- 
tively, the Ko/T of the x = and 0.034 samples in zero 
magnetic field remain comparable (4.94 and 3.95 mW 
K~ 2 cm -1 ). For the x = sample, the value is less than 
3% of its normal-state Wiedemann-Franz law expecta- 
tion k/T = Lq/pq, with Lq the Lorenz number 2.45 x 
10~ 8 Wtt Yr 2 . For the dirty x = 0.034 sample, the value 
is more that 50% of its normal-state k/T. Considering 
the experimental error bar, mainly coming from the un- 
certainty associated with geometric factor, we can say 
that the heat conduction in the x — and 0.034 samples 
is universal. Such a universal heat conduction strongly 
suggests that the superconducting gap in KFe2As 2 is d- 
wave, not accidental nodal s-wave. We notice that Reid 
et al. also observed universal heat conduction by com- 
paring clean and dirty KFe2As2 single crystals with 10 



times difference of po |41| . 

In summary, we have grown high-quality 
K(Fei_ x Co x )2As2 single crystals and find that the 
superconductivity was suppressed quickly by Co doping 
at only x « 0.04. Such an effective suppression of 
T c by impurities is very different from that in s-wave 
superconductor Bao.5Ko.5Fe2As2, but similar to that 



in d-wave superconductors. This result suggests the 
superconducting gap in KFe2As2 is not s-wave with 
accidental nodes. The observation of universal heat 
conduction in the x = and 0.034 superconducting 
samples further supports a <i-wave superconducting 
state in KFe2As2- This gap symmetry is fundamentally 
different from that of other 122 compounds near optimal 
doping, reflecting the complexity of pairing mechanism 
in the multi-band iron-based superconductors. 
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